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This paper clarifies that the kinetic theories developed 
so far for emulsion homopolymerization are applicable without 
any modification to the prediction of the average number of 
radicals and their kinds in the particles formed in emulsion 
copolymerizations,if the average rate coefficient for radical 
desorption from the particles, the average termination rate 
constants in the particle and water phases, and the average 
propagation rate constant defined in this paper are employed 
in place of those for emulsion homopolymerizations. 
INTRODUCTION 
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Although emulsion copolymerization is industrially more common 
and important than emulsion homopolymerization, the kinetic study of 
this system has to date received scant attention in the literature 
compared to bulk or solution polymerizations. This may be due mainly 
to the complicated mechanism involved in this system. Recently, Lin 
et al.l)studied the kinetics of emulsion copolymerization of styrene 
(ST) and acrylonitril(AN) in an azeotoropic composition using our 
kinetic mode1 2 )developed for the emulsion copolymerization of methyl 
methacrylate (MMA) and styrene(ST). Napper et al. 3 )also proposed a 
rna thema tical model of an emuls ion copolymer i za tion system which 
predicts the time evolution of the copolymer composition and copolymer 
sequence distribution. However, their model is inconvenient because 
of its complexity only for the purpose of predicting the rate of 
emulsion copolymerization and the average copolymer composition 
without complicated and time-consuming calculations. 
In this study, it is clarified that the kinetic theories so far 
developed for emulsion homopolyrnerization are applicable without any 
* Department of Industrial Chemistry 
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modification to the prediction of the average number of radicals and 
their kinds in the polymer particle formed in emulsion copolymeriza-
tion systems, if the average rate coefficient for radical desorption 
from the particles, the average termination rate constants in the 
particle and wat~r phases, and the average propagation rate constant 
defined in this paper are employed in place of those for emulsion 
homopolymerization. 
KINETIC THEORY FOR EMULSION HOMOPOLYMERIZATION 
In emulsion homopolymerization, the number of polymer particles 
containing n radicals(N
n
) satisfies the following steady-state balance 
. 4) 
equatlon: 
dN 
n 
dt = (N
P 
a ) N
n 
-1 + k ( n + 1 ) N + k [ (n + 2 )( n + 1 ) ] N 
T f n+1 tP vp n+2 
- k nN - k [n(n-l)]N =0 
f n tp v n p 
(1) 
The overall rate of radical entry into the particles(Pa)in Eq. (1) 
is represented by: 
p = k [R*]NT = r. + 11 k f nN - 2k [R*] 2 a aWl n= n tW w (2 ) 
where kf is the rate coefficient for radical desorption from the 
particles, k tp is the rate constant for radical termination in the 
particles, NT is the number of polymer particles in cc-water, ka is 
the rate constant for radical absorption by the particles, [R~J is 
the radical concentration in the water phase and k tw is the rate 
constant for radical termination in the water phase. 
Equations (1) and (2) are converted into nondimensional forms 
shown by; 
aNn _ l + m(n+l)N n+l + (n+l)(n+2)Nn+2 = aNn + mnNn + n(n-l)N n (1') 
a = a' + mn - Ya 2 (2' ) 
By solving the simultaneous equations(l') and (2'), one can 
get the average number of radicals per particle(n) as a function of 
the parameters, a', m and Y which are predictable from operational 
variables. The general solution to Eq. (I') for n which involved a 
. f' . b k 5) varlable parameter, a was lrSt glven y StOC mayer , but was later 
corrected by O'ToolJ)to give a physically more acceptable result for 
small but finite rates of radical desorption from the polymer parti-
cles: 
n = L n N / N _ a 1m (a) 
n=l n T' - 4 Im-l (a) a
2 
= 80. ( 3) 
where I is the modefied Bessel function of the first kind and 
m 
(4) 
(6) 
r.v 
lIP a =--
ktp 
(5) 
(7 ) 
Noting that Eq.(3) 7 ) involved a variable parameter,a, Ugelstad et al. 
solved the simultaneous equations(21) and (3) for ~ as a function of 
the parameters,a ' , m and Y, and plotted log~against loga ' over a 
wide range of m values at several fixed values of Y. 
APPLICATION TO EMULSION COPOLYMERIZATION SYSTEMS 
For simplicity, let us consider an emulsion copolymerization 
system where two comonomers, A and B are copolymerized and note a 
single polymer particle which contains n radicals, where the numbers 
of A-radicals and B-radicals are na and n b , respectively. Then, we 
have: (8) 
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By establishing balance equations on na , nb and n, and applying steady 
state assumption, we have: 
It is clear that the values of the termination and desorption rate 
terms in Eq. (11) are at the highest equal to the value of the term, 
(p /NT). Consider ing that p ~ r. ~ 10
13 molecules/cc-wa ter . sec and 
a a 1 
NT =1014~ 1015 particles/cc-water, the last two terms on the right-
hand side of Eqs. (9) and (10) are dominating and hence, Eqs.(9) and 
(10) can be rewritten with very good accuracy as: 
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Using Eq. (12), we define that: 
nb 
A= -
n 
a 
(12) 
Considering that propagation rate constant(kp ) is far greater than 
chain transfer constant(k
m
), the above equation can be simplified 
to: 
(13' ) 
where C
m 
is the chain transfer constant to monomer and y is the reac-
tivity ratio. 
From Eqs. (8) and (13) we have: 
(14) ( 15) 
Equation (1) can be used for expressing a balance on the number 
of particles containing n radicals in an emulsion copolymerization 
system, if the average rate coefficient for radical desorption and 
the average rate constant for radical termination in the particles 
defined as follows are employed in place of those for emulsion homo-
polymerization. 
(1) Average rate coefficient for radical desorption,k f : 
kfnN n = (kfan a + kfbnb)N n 
Introducing Eqs. (14) and (15) leads to: 
( 16) 
where kfa is the rate coefficient for A-radical desorption and given 
by: 2) 
k 
_ maa Cmaa - -k--paa 
K 
oa 
120 0 
wa a 
m d 2 da p 
(17) 
k 
0a=(l+D /md 0 )-landy-~ 
wa a· pa . a - k 
pab 
where Ow is the diffusion coefficient for escaping radicals in the 
water phase and is the diffusion coefficient for escaping radicals 
° P i~ the particle, md is the partition coefficient for 
radicals between the water and particle phases, [Mp] 
concentration in the particle and d is the particle p 
escaping 
is the monomer 
diameter. 
(2) Average rate constant for radical termination in the particle,ktp 
when n»l, the following relationship holds with good accuracy. 
k [n (n-l) ] N :: k [~] N = (ktPaan~ + ktpabnci nb + ktpbbnb ) N 
tp v n tp v n v n p p p 
(18) 
Thus, we have: 
(18') 
Even when the value of n is near one, ktp defined by Eq.(18') is 
considered to be a good approximation for the average rate constant 
for radical termination in the polymer particles from statistical 
point of view. 
In the case of emulsion copolymerizatio, therefore, Eqs.(l) and 
(2) are rewritten as: 
::n = (~:)Nn_1 + kf (n + 1) Nn+1 + ktp rn+2;~n+l) lNn+2 - (~:)Nn 
- k nN - k [n ( n -1) ] N 0 ( 19 ) 
f n tp v n p 
p = k [R*]N = r. + ~ kfnN - 2k t [R*]2 (20) a a w T 1 n=l n w w 
It is clear from Eqs. (19) and (20) that one can use Eqs.(l') and (2') 
without any modification for predicting the average number of total 
radicals per particle(Dt)in an emulsion copolymerization system, if 
the average coeff icients, k f , k tp and k t ·w are used in place of k f , 
ktp ' k tw in Eqs. (1') and (2'). 
171 
We define here the average number of A-radicals per particle(n ), 
a 
the average number of B-radicals per particle(nb ) and the average 
number of total radicals per particles(n t ), which satisfy the 
following relationships: 
where OJ OJ 1 1 -n L n N /NT = L: (-l-)nN /N =(1+ A)n t a n=l a n n=l +A n T 
(22) 
(23) 
It is apparent from Eqs. (22) and (23) that n and nb also fulfill a 
Eq. (13), that is~ 
nb fib 
A=- (13) 
n n 
a a 
172 
Under normal conditions, termination reaction in the water phase 
is usually negligible. This corresponds to the condition that y= o. 
The values of n t calculated at Y= 0 using Eqs. (2') and (3) are 
plotted against a' value in Figure 1. It is inconvenient to use Eqs. 
(2') and (3) directly, so that several empirical or approximate equ-
ations for Dt are derived in the case of Y= 0 as follows:
8) 
1) when m= 0 
(24) 
2) when instantaneous termination is dominating in the particles 
and D < 0.5, 
Equation (25) is reduced to: 
when C -+ 00, n = 
10- 2 
t 
and when C< n = t 
-3) when n t < 0.2, 
n = t 
4) when m-+ 00 or n t » 0.5 
n = t 
0.5 
(c/2l/ 2 
(a' /2)1/2 
(25) 
(26) 
(27) 
( 28) 
(29) 
Equation (24) is an emprical equation developed by Ugelstad et al~) 
RATES OF EMULSION COPOLYMERIZATION AND COPOLYMER COMPOSITION 
Rates of emulsion copolymerization are expressed by: 
for A-monomer, 
for B-monomer, 
R pa 
dM dt =kpaa [Mpa J naNT + kpba [Mpa J nbNT (30) 
(31) 
However, If we use the average propagation rate constants defined by 
k pa 
kpaa + A kpba 
1 + A 
kpab + Akpbb 
1 + A 
equations(30) and (31) are simplified as: 
dM 
R 
_ a 
kpa[Mpa]ntNT pa -- dt 
R 
d Mb k pb[Mpb]ntNT pb =- dt 
The total rate of emulsion copolymerization(Rpt ) is given by: 
(32) 
(30' ) 
(31' ) 
(32) 
The composition of copolymers formed in an emulsion copolymeri-
zation system can be calculated by the following equation derived 
from Eqs. (30) and (31). 
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Figure 1. Average number of total radicals per particle, nt, 
as a function of the parameters a' and m 
TO CONCLUDE 
(33) 
It has already been shown that radical desorption from the 
particles plays an important role in kinetic behavior and Eqs. (25) 
and (17) explain well the rate of emulsion copolymerization of ST 
and MMA in the range where the number of total radicals per particle 
Dt is less than 0.5~) The kinetic behavior of the same emulsion 
copolymerization system where Dt is higher than 0.5 has been 
analyzed using Eq. (29) and the results will be shown elsewhere~O) 
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